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•rlHE Engineering Experiment Station was established by act of
:the Board of Trustees of the University of Illinois on Decem-
ber 8, 1903. It is the purpose of the Station to conduct inves-
tigations and' make studies of importance to the engineering,
manufacturing, railway, mining, and other industrial interests of the
State.
The management of the Engineering Experiment Station is vested
in an Executive Staff composed of the Director and his Assistant, the
Heads of the several Departments in the College of Engineering, and
the Professor of Industrial Chemistry. This Staff is responsible for
the establishment of general policies governing the work of the Station,
including the approval of material for publication. All members of
the teaching staff of the College are encouraged to engage in scientific
research, either directly or in coiperation with the Research Corps
composed of full-time research assistants, research graduate assistants.
and special investigators.
To render the results of its scientific investigations available to
the public, the Engineering Experiment Station publishes and distrib-
utes a series of bulletins. Occasionally it publishes circulars of timely
interest, presenting information of importance, compiled from various
sources which may not readily be accessible to the clientele of the
Station.
The volume and number at the top of the front cover page are
-merely arbitrary numbers and refer to the general publications of the
University. Either above the title or belohv the seal is given the
number of the Engineering Experiment Station bulletin or circular
which should be used in referring to these publications.
For copies of bulletins or circulars or for other information
address
T:E ENGINEERIBNG EXPERMENT STATION,
UNIVmERsny op ILMiNoIs,
URBANA, ILLINOIS.
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ERRATA SHEET FOR BULLETIN 123
Page 38, Exponent of e in equation (6) should read hx+h 2 kt
Pages 45, 47. Diagrams at tops of pages 45 and 47, above captions "Fig. 13.
Diagrams for Cooling of Masisve Foundations," and "Fig. 15. Diagrams for
Cooling of Massive Foundations Protected by Wood Forms," should be
interchanged.
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STUDIES ON COOLING OF FRESH CONCRETE
IN FREEZING WEATHER*
I. INTRODUCTION
1. Preliminary.-The practice of placing concrete in freezing
weather renders important a knowledge of the rate at which this
material will cool and the effect of the various methods of protect-
ing the freshly placed concrete from the cold. The experiments
herein recorded furnish test data on the length of time required for
concrete of a given temperature to lose its heat and become cold
enough to freeze when it is exposed to temperatures lower than the
freezing point of water. The values of two thermal constants, dif-
fusivity and the ratio of emissivity to coefficient of thermal conductiv-
ity, were determined for freshly placed concrete. Some experiments
were made on the protective effects of coverings. While a number of
applications of the experimental data are presented, no originality
can be claimed for the underlying mathematical theory, which dates
back, of course, to the time of Fourier. It is not considered that these
solutions will give complete data regarding concreting in freezing
weather under various conditions; however, it is hoped that they will
throw some light on the behavior of fresh concrete at low temperatures
and will indicate the necessity of protection or other precautions.
2. Acknowledgments.-The tests reported herein were made in
the Engineering Experiment Station of the University of Illinois. The
writer is indebted to PROFESSOR A. N. TALBOT, PROFESSOR H. F. GoN-
NERMAN, MR. F. E. RICHART, MR. R. A. NELSON, and MR. W. H.
BRAMAN.
3. Discussion Regarding Assumptions.-Every calculation in
engineering is based upon some assumption. This is not strange when
we consider that the principles and laws of physics and chemistry upon
which engineering is founded are based upon fundamental hypotheses
or principles.
* This bulletin presents the principal results of the investigation made in 1920 on the
flow of heat through fresh concrete by. Tokujiro Yoshida, Assistant Professor of Civil Engineering,
Kyushu Imperial University, Fukuoka, Japan, who was in residence as a graduate student at the
University of Illinois.
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Mathematicians may be satisfied by proving that the solution of
a problem is possible, but the engineer cannot be satisfied until he
obtains the particular numerical value which is applicable to an actual
case. In this fact is found the reason for the difference between the
view points of physicists or mathematicians and engineers.
Engineering problems are usually very complicated. There are
many conditions which cannot be expressed mathematically, or which
are entirely unknown. So, if the results obtained by physicists or
mathematicians are to be applied to engineering, many assumptions
must be made, on the one hand, in order that the conditions may
be expressed physically or mathematically, while, on the other hand,
the calculations must be made as simple as possible for actual use.
In general, the nearer the assumption is to the actual fact, the more
accurate will be the result based on the assumption; but no matter
how accurate the result, if the time spent in calculation is too long the
method is often not acceptable to the engineer. When a method of
calculation or an engineering formula is used, the assumptions on
which it is based must first be known, and then these assumptions com-
pared with the actual conditions affecting the case under consideration.
It is an important function of engineering science to conduct re-
searches into conditions affecting engineering problems, in order
that assumptions may be made which will approximate the facts of the
case and at the same time render possible the introduction of methods
of calculation that are reasonably simple.
In the following problems a number of assumptions have been
made in order to simplify calculations as well as to cover many con-
ditions that are unknown. It is important that this discussion with
reference to assumptions be borne in mind by the reader.
STUDIES ON COOLING OF FRESH CONCRETE IN FREEZING WEATHER 9
II. EXPERIMENTS ON COOLING OF FRESH CONCRETE AND RISE IN
TEMPERATURE DURING SETTING OF CONCRETE AND MORTAR
4. Apparatus for Measuring Temperature.-The general scheme
of the experiments on the cooling of fresh concrete involved the ex-
posing of one surface of a specimen to a low temperature, all other
surfaces being carefully insulated from the cold, and the measuring
of the temperature of the concrete at various distances from the ex-
posed surface. After a study of several methods for the accurate
measurement of these temperatures, a system of thermocouples was
chosen as most suitable for the purpose. Fig. 1 shows the general
layout of the apparatus for measuring temperature.
FIG. 1. LAYOUT OF TEMPERATURE-MEASURING APPARATUS
By the use of a number of thermocouples connected to a sensitive
potentiometer the temperatures at various points were quickly and
accurately indicated in terms of electrical units, which were later
converted into degrees centigrade for use in making computations.
Since the range of temperatures to be measured in this investigatioa
was relatively small, and hence the electromotive force in the ther-
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mocouple circuit also small, the use of the deflection method was
considered inadvisable, because in this method the readings are not
independent of the resistance in the circuit and are liable to errors
due to changes in resistance. The potentiometer was found to be suf-
ficiently accurate for the purpose in view, and since the principle
involved embodied the measurement of the electromotive force with
zero current in the circuit, thus making the readings independent of
the external resistance, it was adopted. In the potentiometer method
the precision of reading is a function of the accuracy with which the
initial balance is attained. The accuracy of the initial balance was
greatly increased in the present case by using a sensitive galvanometer.
The wires used in the thermocouple were of copper and of a
copper-nickel alloy known under the trade name of constantan. These
metals were chosen because they are homogeneous and because the
magnitude of the induced electromotive force per degree difference in
temperature between the hot and cold junction is large. The wires
were No. 20 B. & S. gage, and were cotton covered. This small size
of wire was used to minimize the effect of radiation to or from the
couple, and the effect of the depth of its immersion. To prevent the
serious effect of moisture or dew, between the cold storage room and
the room in which the instruments were arranged the wires were all
carefully insulated with rubber tape.
The junctions of the couples were all formed by fusing the two
wires together in an oxyacetylene gas flame, making a button about
the size of a pin head at the junction. A strong joint was made in
this manner.
To guard against the effect of water in the concrete the wires
leading to the hot junctions of the thermocouples were insulated with
glass tubing and the joints themselves were put into melted paraffin
so that the paraffin filled the tubing about two inches and covered the
surface of the wires with a thin film at the joint.
At the cold junction the joint of the wires was put into a test
tube filled with transformer oil, the wires being insulated from each
other by glass tubing. A thermos bottle filled with ice shavings and
water was used as the cold bath of the test tube.
The thermocouples were calibrated by means of a mercury ther-
mnometer which was graduated to one-tenth of one degree centigrade.
The oil bath used for constant temperature in calibrating was a small
test tube which was inserted into a thermos bottle. The calibration
curves for all the couples were practically the same. Fig. 2 shows
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the calibrating apparatus and a typical calibration curve. The dis-
continuity of the curve near the zero point is due to the instrumental
error of the potentiometer used.
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FIG. 2. CALIBRATING APPARATUS AND A TYPICAL CALIBRATION CURVE
The potentiometer gave a direct reading of 0.01 millivolt. To
increase the accuracy of the balance of electromotive force, the gal-
vanometer of the instrument was replaced by a D'Arsonval galva-
nometer.
As the precision of the thermocouple in use is about 25 deg.
C. per millivolt, the precision attainable is 0.25 deg. C. It was found
possible to repeat the readings to within 0.005 millivolt, or 0.13 deg.
C. when the hot junction was placed in a constant temperature oil
bath.
5. Concrete Materials.-The materials used were similar in
character and quality to those used in other concrete and reinforced
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concrete specimens made and tested by the Engineering Experiment
Station in recent years.
Universal portland cement was used in all specimens. It ful-
filled the requirements of the specification of the American Society
for Testing Materials.
The sand used came from pits at Attica, Indiana, and passed a
/4-in. screen. It weighed 111 lb. per cubic ft. The sieve analysis
of this sand, using the sieves commonly known as the Tyler Standard
Sieves, is given in Table 1.
Clean gravel from the same pits was used. It passed a 11/2-in.
screen and was retained on a 1/4 -in. screen. The weight of this gravel
was 99 lb. per cubic ft. A sieve analysis of the material is shown in
Table 1.
Concrete of three proportions, 1-3-6, 1-2-4, and 1-1-2, by volume,
was tested as indicated in Table 2. To insure accuracy in propor-
tioning, the materials for each specimen were weighed out separately
and mixed.
TABLE 1
SIEVE ANALYSIS OF SAND AND GRAVEL
(TYLER STANDARD SIEVES USED)
a Size of Square
Material Sieve Openings, Percentage
Size inches Passing *
Sand ....... .......... ........ . % in. 0.371 100
No. 4 0.185 91
8 0.093 66
14 0.046 49
28 0.0231 19
48 0.0116 3
" 100 0.0058 1
Gravel........ ... ... ............ .. 1Y in. 1.49 100% " 0.742 57
%." 0.371 11
No. 4 0.185 5
" 8 0.093 3
* Each value represents the average of four tests.
The fineness modulus* and surface modulus* of these concrete
aggregates are 5.98 and 4.69 respectively. From these figures it ap-
pears that the materials are rather coarse, but they are undoubtedly
similar to the materials used in common practice. It is believed that
the experimental data are applicable to any other well proportioned
concrete.
* See Discussion on Proportioning of Concrete, by Professor D. A. Abrams and Pro-
fessor A. N. Talbot. Proceedings of A. S. T. M., 1919. p. 477-485.
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TABLE 2
PROPERTIES OF THE CONCRETE USED IN THE EXPERIMENTS
Slump Test
Proportion by Water-Cement on 6 by 12-in.
Volume Ratio Cylinders,
inches
1-2-4 (all except Experiments
Nos. 13, 14, 18, and 20) ....... 1.01 2
Twenty-eight Day
Compression Tests
of 6 by 12-in.
Cylinders,
lb. per sq. in.*
1300
1-2-4 (Experiments Nos. 13
and 18) wet consistency....... 1.26 9 700
1-2-4 (Experiments Nos. 14
and 20) dry consistency...... 0.81 0 2200
1-3-6 medium consistency .... 1.29 800
1-1-2 medium consistency .... 0.72 .. 2900
* The cylinders were stored in damp sand at an average temperature of 70 deg. F.
Each value is the mean of tests on three cylinders.
6. Mixing of Concrete.-The amount of water used in mixing
the concrete was designed to produce the wettest concrete which could
satisfactorily be used in freezing weather, except in Experiments Nos.
13 and 18, and 14 and 20, in which very wet and very dry mixtures,
respectively, of 1-2-4 concrete were used. An idea of the mobility of
these concretes may be obtained from the slump tests made on 6-in.
by 12-in. cylinders noted in Table 2, as well as from the properties of
the concrete aggregates and the water-cement ratio (ratio of volume
of water to volume of cement) also shown in Table 2.
The mixing of the concrete was done by hand. The dry cement
and sand were first mixed to a uniform color and spread out in a thin
layer in a large mixing pan; the stone was then added, and the whole
mass turned with shovels until thorough incorporation of the dry ma-
terials was secured; water was then added, and the materials turned
until thoroughly mixed.
The temperature of the concrete thus made was practically
uniform and was the same as the temperature of the room in which the
concrete was mixed.
7. General Features of the Experiments.-Sixteen experiments
were made to obtain data on the cooling of fresh concrete exposed to
freezing temperatures. One experiment was made on concrete which
was 31 days old.
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Experiments Nos. 1-6, 10, and 13-15 were made with the purpose
of determining the thermal constants of fresh concrete which are
necessary in applying the theory of heat conduction to the cooling of
fresh concrete, and others were made to obtain information on the
effect of protection of the concrete surface. Experiment No. 17 was
made to determine the thermal constants of concrete 31 days old.
These experiments were made at the plant of the Smith Ice and Cold
Storage Company at Champaign, Illinois.
The size of specimen, the concrete mixtures, and the conditions
of the surface are given in Table 3.
TABLE 3
DATA OF THE SPECIMENS
Proportion
by Volume
1-3-6
1-2-4
1-1-2
1-3-6
1-2-4
1-1-2
1-2-4
1-2-4
1-2-4
1-2-4
1-2-4
1-2-4
1-2-4
1-2-4
(wet consistency)
1-2-4
(dry consistency)
1-2-4
1-2-4
Depth of the
Specimen*
cm.
Condition of the"Surface
No protection at the surface under
a still air condition.
Surface cooled by air current from
a fan.
Surface covered with a board %-in
t hick.
Surface covered with canvas.
No protection at the surface.
Surface covered with a board.
Surface covered with canvas.
No protection at the surface.
25
10 Surface covered with a board.
30 No protection at the surface.
* All the specimens are 12-in. square in horizontal section.
8. Preparation of Test Specimens.-The mold for the test speci-
mens was a wooden box 12 in. square and from 12 to 24 in. deep, in
Experiment
No.
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inner dimensions. It was made of 1l2½-in. pine boards. This mold
was placed inside another wooden box 3 ft. square and 3 ft. deep.
The space between the two was filled with dry sawdust to prevent
cooling of the fresh concrete at the sides and at the bottom of the
mold.
The inner surface of the inner box was coated with Parowax to
prevent the absorption of water from the concrete by the wood.
As each specimen was being poured, the thermocouples were in-
serted one by one through small holes in the side of the mold and em-
bedded in the concrete, their joints being at specified depths below the
upper surface and in the vertical axis of the specimen. A thermocouple
was also embedded in the sawdust to measure its cooling. The tem-
peratures of the concrete, the boxes, and the sawdust were practically
the same as the temperature of the room at the beginning of all
experiments.
The specimen thus made was removed to the adjoining cold storage
room about twenty minutes after the water was added to the concrete
mixture. The wires of the thermocouples were carried across the
door sill from the cold room to the room in which the measuring in-
struments were arranged. The temperature of the cold room was
measured by a thermocouple. Fig. 1 shows in diagrammatic form the
general arrangement of the apparatus.
9. Phenomena of Experiments.-In experiments Nos. 1, 2, and 3,
specimens 50 cm. in depth, of 1-3-6, 1-2-4, and 1-1-2 concrete, re-
spectively, were tested. From the data of these experiments Fig. 3
has been plotted. It gives the curves of cooling at the several depths
below the exposed surface of the specimen. The abscissas give the
elapsed time from the date the specimen was placed in the cold room.
The temperature of the cold room is also shown in the diagram. The
effect of the heat produced during the setting of the concrete is notice-
able in the figure even in the case of the 1-3-6 mixture.
In these first three experiments the thermocouple measuring the
temperature of the sawdust at the underside of the mold always showed
a lower temperature than that at the bottom of the specimens, and it
was clear that there was a flow of heat through the bottom of the mold
from the specimen to the sawdust. The rise in temperature during the
setting of the concrete was also marked with so great a depth of
specimen. For these reasons, the data obtained from these three ex-
periments were not used in calculating the thermal constants.
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- A- Temp erature of Cold,
B- Temp at Surface
C-Temp at 6e5 cm be/ow
D-7~'mp "/250cm
E-Temp "&5.OOcm
F-Temp "3760cm
C- Temo "6000 cm
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FIG. 3. CURVES OF COOLING, EXPERIMENTS 1, 2, AND 3
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In experiments Nos. 4, 5, and 6, specimens 30 cm. thick and of 1-3-
6, 1-2-4, and 1-1-2 concrete, respectively, were used. This depth was
used in order to reduce the effect of the rise in temperature produced
in the setting of the concrete, and also to minimize the flow of heat
through the bottom of the mold. For the latter reason further insula-
tion was obtained by filling in the bottom of the mold with a 3-in. layer
of sawdust, placing upon this a %-in. pine board, and adding a 11/2-in.
layer of Parowax. The inner sides of the mold were also given a
covering of Parowax 1/8 in. thick. With these precautions the thermo-
couple in the sawdust below the bottom of the mold showed practically
the same temperature as that of the bottom of the specimen, and it was
considered that the bottom of the mold was thus kept sufficiently
impervious to the flow of heat. This condition was assumed in calcu-
lating the thermal constants of the concrete from the test data. The
curves of cooling for these three specimens are plotted in Fig. 4.
The specimens used in experiments Nos. 7, 8, and 9 were of the
same material as that used in experiment No. 5; they differed in
surface conditions.
In experiment No. 7 the surface of the specimen was subjected to
an air current produced by an ordinary electric fan operating at its
medium speed. The distance between the fan and the concrete was
about one foot, the direction of the current making an angle of about
30 degrees with the surface. The velocity of the air current was about
ten miles per hour. It was intended by this method to obtain in-
formation on the effect of wind on the cooling of fresh concrete. The
cooling of the concrete surface was very striking. The time required
for the freezing temperature to penetrate the surface in this experi-
ment was about one-tenth of that under a still air condition. It is
clear that the evaporation of water from the surface had a very great
effect on the cooling of the surface; within the mass the effect was
slight. Fig. 5 shows the results of the experiment.
In experiment No. 8 the surface of the specimen was covered with
a pine board 1.9 cm. (% in.) thick. The small opening between the
edge of the board and the box was sealed with Parowax. This experi-
ment was made to determine the effect of wood forms on the cooling
of fresh concrete. The board protected the surface very well. The
results are plotted in Fig. 5.
In experiment No. 9 the top of the inner and outer boxes was
covered with 10-oz. duck. There was about a 3-in. air space between
ILLINOIS ENGINEERING EXPERIMENT STATION
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ILLINOIS ENGINEERING EXPERIMENT STATION
the canvas and the surface of the specimen. This experiment was
made to investigate the effect of protection by using canvas in cold
weather. The curves of cooling are shown in Fig. 5. The protection
is seen to be about the same as with the 3/4 -in. board.
The specimens used in experiments Nos. 10, 11, and 12 were 20
cm. in depth. The depth of the inner box was changed to 16 in.;
other conditions were the same as before. Experiment No. 10 was
made as a check on No. 5; the conditions of the specimen were the
same as in No. 5 except for the depth. The conditions in experiments
Nos. 11 and 12 were the same as in Nos. 8 and 9 except as to the depth
of the specimen. The curves of cooling are shown in Fig. 6.
The two experiments (Nos. 13 and 14) made to investigate the
effect of the amount of water in the mixture upon the cooling of fresh
concrete had conditions of specimen the same as No. 4 except for the
consistency of the mixture.
In experiment No. 13, 1-2-4 concrete of wet consistency was tested.
The concrete was so wet that after making the specimen its surface
was covered with water to the depth of about 3/16-in. After six
hours in the cold room at an average temperature of -12.2 deg. centi-
grade, the surface was covered with laitance about 3/s-in. thick which
had the appearance of soft chocolate ice cream. The thermocouple
which was set at the surface was at first also covered with the laitance.
It may be that the laitance offered some protection to the cooling of
the surface. The curves of cooling are shown in Fig. 7.
In experiment No. 14 a concrete of very dry consistency was
tested; much difficulty was experienced in placing this concrete. Fig.
7 shows the results of the experiment.
In experiment No. 15 the depth of the specimen was 25 cm., other
conditions being the same as in experiment No. 5; this experiment was
made as a check on the results of experiments Nos. 5 and 10. Fig. 7
shows the results.
In experiment No. 16 the specimen was 10 cm. in depth, and was
covered with a board at the surface; other conditions were the same
as in experiment No. 11. The curves of cooling are shown in Fig. 8.
For experiment No. 17, to determine the thermal constants of
concrete 31 days old, a specimen in the form of a 30-cm. (12-in.) cube
of 1-2-4 concrete was made in the Concrete Laboratory at the Univer-
sity. Two thermocouples were used at both the surface and the bot-
tom and one at the center. Two days after the specimen was made
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the forms were taken off, and the cube was stored in damp sand. After
24 days it was taken out of the sand and dried in the laboratory for
one week. It was then put in the wooden mold, the small spaces between
the specimen and walls of the mold being filled with Parowax.
The specimen and the temperature measuring, apparatus were
arranged as in experiment No. 1. Before it was carried into the cold
room the temperature of the specimen at different points was about
the same, and the mean was taken as the initial temperature of the
specimen. The curves of cooling are shown in Fig. 8.
10. Rise in Temperature During Setting of Concrete and Mortar.
-The chemical combination of water with portland cement is an
exothermic reaction, the heat evolved being sufficient to raise materi-
ally the temperature of concrete and mortar during the period of
setting and hardening.
C
B
A
- ,-. ,~.
- Temn
ftsEý
Boa
t
eraure 
97 
c wa 'Rootow -S- Tep at surface
__ - emp. t S f
01-1 310,21-7
/
ILLINOIS ENGINEERING EXPERIMENT STATION
In experiments Nos. 18-26, this rise in temperature of concrete
and mortar was measured in order to study the relative importance
of these phenomena in the preceding experiments. These experiments
were made in the Concrete Laboratory of the University. The ap-
paratus for measuring the temperature was the same as previously
described. The water-cement ratio of the four different mixtures of
neat cement, 1-1 mortar, 1-2 mortar, and 1-3 mortar was 0.38, 0.48,
0.60, and 0.85, respectively.
The concrete or mortar to be tested was poured into a wooden
mold with inner dimensions for holding a 12-in. cube. The mold
was made of 11/2 -in. pine boards. Two thermocouples were embedded
to measure the temperature, one at the center of the cube and the
other at three in. away from the center. The mold was put in
the center of the large box, and the space around all six surfaces
FIG. 9. DIAGRAMS SHOWING RISE IN TEMPERATURE DURING SETTING OF
CONCRETE AND MORTAR
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of the mold was filled with sawdust about 8 in. thick, to prevent the
cooling of the specimen.
The initial temperature of the fresh concrete or mortar was the
same as that of the laboratory. The two thermocouples showed about
the same temperature, and the temperature at the center is plotted
in Fig. 9. After 48 hours the rise in temperature was very small in
all cases.
The total rise in temperature, the rate of increase, and the time
interval before the maximum temperature was reached were all vari-
able, depending upon the proportions of the mixture, the amount of
water used in the mixing, and the initial temperature of the concrete
or mortar. The curves in the figure, however, show very clearly that
considerable heat is produced during the setting of concrete or mortar
at ordinary temperatures, and its effect is very noticeable from 6 to 12
hours after the pouring of the concrete.
11. Calculation of the Thermal Constants of Fresh Concrete.-
In order to apply the theory of heat conduction to concreting in cold
weather, it is necessary to determine certain thermal properties of the
concrete from the preceding experiments. Even in a homogeneous
material such thermal properties are variable and may be considered
constant only for a certain range in temperature; in fresh concrete
the properties will be found to vary with other conditions as well as
temperature. It is the purpose here to determine certain thermal
properties for a limited range of temperatures near freezing, and for
purposes of application these properties will be termed "thermal
constants. "
From the time that water is added to the concrete materials, a
chemical reaction begins with an accompanying rise in temperature,
and the mass solidifies after a few hours under ordinary temperatures.
In temperatures below about 10 deg. C. (50 deg. F.) the setting takes
place very slowly and produces a small amount of heat, while if the
temperature falls below 0 deg. C. (32 deg. F.) the fresh concrete will
freeze and little setting can be expected. Therefore, even though the
effect of heat produced in the setting of concrete be neglected, the coeffi-
cient of thermal conductivity of fresh concrete will vary from time to
time according to the degree of its setting and its temperature. The
specific heat and density of the material also vary considerably with
different conditions of setting, as well as with the mix of the concrete
and the temperature.
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When the surface of the concrete is worked and finished, there
is more or less water remaining on it. Therefore, the cooling at the
surface of concrete is due not only to radiation and convection, but
also to evaporation of water, which, of course, depends upon the
humidity and other conditions of the surrounding air.
It is obviously impossible to give certain and definite values of
the thermal constants of fresh concrete. However, it is considered
useful to determine fair average values of the constants which may be
used for practical problems. The execution of concrete work in gen-
eral practice does not compare in refinement with the measurement
of temperature to one degree centigrade or of a time interval to one
minute. It is usually possible, however, to make observations with an
accuracy of within a few degrees in temperature or a few hours in
time, and this usually will be sufficient for the application of infor-
mation regarding concreting in freezing weather. Hence, the con-
stants determined here should be useful in applying the mathematical
theory of heat conduction to practical problems.
The method used in calculating the thermal constant involves
three things: the use of well established fundamental formulas apply-
ing to various materials, a rigorous definition of the assumptions which
may be made regarding the conditions in these experiments, and a
reduction of the fundamental equations to special forms which satisfy
the assumptions and provide the desired working formulas.
In deriving the fundamental formulas, a body will be considered
which has infinite length and breadth and a finite thickness. For
convenience in calculation the two surfaces are considered to be ex-
posed to air at zero temperature, although the results of the analysis
may be readily applied with any other air temperatures. The C. G. S.
system of units is used in the following treatment.
Let v = the temperature at any point in the body at a distance x from
one of the surfaces at any time, t,
vo= the initial temperature of the body, that is, the temperature
at all points at the time t = 0,
k the diffusivity* of the body,
(coefficient of thermal conductivity)
(density) (specific heat)
(emissivity) *
(coefficient of thermal conductivity)
* For definitions and a more detailed treatment of the analysis, see Carslaw, "Fourier's
eries and Integrals." 1906.
STUDIES ON COOLING OF FRESH CONCRETE IN FREEZING WEATHER 27
where emissivity of the body is the rate of loss of heat by radiation and
convection, under certain conditions of air, per square centimeter of
surface, per degree difference in temperature between body and air,
assuming Newton's law of cooling.
Then the equation of temperature in the body is
av 2 v
-k--- 0<x<l
St O9 x 2
As the initial and boundary conditions we have,
v = vo for. t = 0
Ov
- + h v = 0 at x = 0,Ox
S+ h v =0 at x = l,o x
The solution* of these equations is
= o c - k a2 t acos ax+hsin ax
v=2ve( a 2 + h ) 1 + 2h (a,, cos a,, x + h sin a. x ) dx
n-l (1)
in which a. is the n th positive root of the equation
2ah
tan al = -
a 2 -h 2
excluding the root a = 0.
At x = 0, we have
v,= 2 vo a1t+h2 )+2hf (aicosaix +hsina x)dx+
-kt a2 te (a • •) h o (a 2 c sa 2 x+ hsina 2 x)dx+- ......
At x = -- , since
* Carslaw, "Fourier's Series and Integrals," page 274, 1906.
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tan a. = 2a. c h
al-h2
tan -l= + - when n is odd,
2 aon
tan - = - - when n is even.2 h
Thus, for x =-
2
( ancosax + hsin a•x)= a, cos + - sin----
= a. cos 1 a tan 2
an " when n is odd, and
2
= 0 when n is even.
Thus
a 1
vi= 2 voj- a• tcosv(+h2v -k)l+2h (acosaix+hsinajx)dx+--.
As k a t increases'with n, if t is chosen great enough, we shall
obtain a close approximation by using only the first term in each of
these series.
Thus
v1 2
From this result we find a, ; and h follows from the equation
2 a
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And k may be found from either of the equations
e-kat _ (a-+h 2 ) +2h (4)
2a, sainal h-+-(1-cosail)
-ka2t v (a + h2)+ 2h }cosg = 2 ............ (5)
S 2v° 0  sin +h a +-(1-cosai)
Thus, if the values of v. and v, are measured at a certain time t,
the thermal constants k and h can be determined by equations (2)
to (5).
To apply the experimental data to equations (2) to (5), the fol-
lowing assumptions have been made:
(1) The diffusivity of fresh concrete is assumed a constant.
(2) The emissivity of fresh concrete is defined as a constant
rate of loss of heat by radiation, convection, and evaporation of
water on the surface (that is, the effect of all agents which have
relation to the conditions of the surface) per square centimeter
of surface under still air conditions per degree difference in tem-
perature between body and air.
(3) The bottom of the specimen is assumed to be impervious
to heat, i. e. there is no transference of heat across the bottom plane
of the specimen.
(4) The cooling in the vertical axis of the specimen is as-
sumed to be due entirely to the cooling at the surface of the
specimen.
(5) The initial temperature of the concrete, i.e. the tem-
perature of the concrete just before the specimen was put into the
cold room, is assumed constant throughout the specimen.
(6) For convenience of calculation, the mean temperature
of the cold room until the time considered in the calculation is
taken as the constant temperature of the cold room.
(7) The heat produced during setting clearly retards the
cooling of fresh concrete. However, with a comparatively small
specimen, in a cold temperature, this effect is not so noticeable.
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It is assumed that this effect is included in the constant, diffusivity,
of the concrete.
Now let
-v2 = the mean temperature of the cold room until the time t.
v, - the initial temperature of the concrete. .
Then the difference between the initial temperature of the concrete
and the mean temperature of the cold room until the time considered is
vo = V, + V 2.
As the cooling of the body is dependent upon the difference
of temperature, it may be considered that the concrete of temperature
vo cools under the air at 0 deg. C.
It has been assumed that there is no flow of heat across the bottom
plane of the specimen. If we imagine a wall having the thickness
equal to twice the depth of the specimen and the temperature of air
on both sides of the wall is zero, then there will be no transference of
heat across its middle plane because of the symmetrical condition of
the wall, and hence this plane could be made of a material impervious
to heat without altering the conditions. Therefore, we may consider
that the specimen is one-half of that wall, and if we take the thickness
of the wall as twice the depth of the specimen, equations (2) to (5)
apply to the specimens of the experiments until the freezing tempera-
ture penetrates the surface. Hence the thermal constants k and h may
be calculated by these equations.
When the freezing of fresh concrete begins latent heat must be
taken into account. The problem is very complicated and it is not
considered here.
The results of the calculation of the thermal constants k and h
are given in Table 4.
For 1-2-4 concrete the mean values of k and h, calculated for the
time when the freezing temperature penetrated the surface in ex-
periments Nos. 5, 10, and 15 are 0.00626 and 0.0436, and the means
of the values calculated at different times in the three experiments
are 0.00628 and 0.0457 respectively.
For 1-3-6 concrete, the values of k and h calculated for the time
when the temperature of the surface of the specimen reached zero are
0.00626 and 0.0428, and the means of the values calculated at different
times are 0.00641 and 0.0466 respectively.
As the depth of the specimens used in the calculation is not
large and the effect of heat produced during the setting of concrete is
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not noticeable, the values 0.0063 and 0.046 seem to be safe average
values of k and h respectively, for concrete of 1-2-4 and 1-3-6 mixtures
having a consistency that can satisfactorily be used in cold weather.
For massive concrete work the heat evolved during the setting of the
concrete will retard the cooling considerably, and the values obtained
will err on.the side of safety.
For 1-1-2 concrete, as the heat produced during the setting of
the concrete had a great effect, it was considered absurd to apply equa-
tions (2) to (5) for calculation of the thermal constants; but, of
course, it is very safe to use the above values for construction in which
such a rich mixture is used.
The 1-2-4 concrete of wet consistency shows lower values of the
thermal constants than that of medium consistency. This is probably
due to the protecting effect of the laitance on the surface in that
experiment, and also to the high specific heat of water. It is considered
that the values for the concrete of medium consistency will apply
very safely to cases of wet consistencies until the freezing of the con-
crete takes place.
For the concrete of dry consistency the diffusivity is lower than
that for concrete of other consistencies. The slightly higher value of h
is considered to be due to the lower value of the coefficient of con-
ductivity of this concrete.
For the concrete 31 days old the mean values of the constants k
and h, calculated at different times, are 0.0083 and 0.032 respectively.
In this experiment the cooling of the specimen through the saw-
dust was apparent, and the calculated values are considered to be
higher than they should be.
12. Effect of Wobd Forms in Protecting Fresh Concrete.-The
wood used in forms is a poor conductor of heat and protects fresh
concrete from cooling in cold weather. In addition to this, so-called
contact or surface resistance, which is offered to the flow of heat by
the discontinuity of the concrete at the forms, also serves to retard
the cooling of the fresh concrete.
The coefficient of thermal conductivity of pine wood which is
largely used in form work may be taken as about 0.00009 across the
grain and 0.0003 with the grain.* In a board the flow of heat is not
only across the fibre, but also along annular rings, depending upon
* Ingersoll and Zoebel, "Mathematical Theory of Heat Conduction," page 162, 1906.
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VALUES OF THERMAL
Mixture
1-2-4
1-2-4
(wet ;consistency)
1-2-4
(dry consistency)
TABLE 4
CONSTANTS h AND k FOR FRESH CONCRETE
Depth of
Specimen
cm.
25
30
30
Time after
Placing in
Cold Storage
hr. min.
12 00
20 46
24 54
*26 00
0.0454
0.0464
0.0444
2an 0.0454
0.0464
0.0472
0.0470
ean 0.0467
0.0479
0.0465
0.0467
0.0393
mean 0.0451
11 58 0.0429
19 20 0.0420
*24 15 0.0403
mean 0.0417
11 30 0.0542
19 46 0.0483
*25 32 0.0466
m an 0.0497
0.0480
0.0490
0.0428
mean 0.0466
Experiment
No.
5
* The temperature at the surface became zero at this time.
how the board was cut from the log. It is therefore obvious that the
diffusivity of a board is quite variable and that the effect of a board
in preventing the cooling of fresh concrete will vary considerably.
The emissivity of the same wood is about 0.0002 under still air
conditions and about four times this value when exposed to a wind hav-
ing a velocity of fifteen miles per hour.*
For these reasons, the more complicated mathematical solution of
this case was not developed. However, in order to obtain some idea
*Harding and Willard, "Mechanical sEquipment of Buildings," page 645.
0.00611
0.00653
0.00624
0.00628
0.00684
0.00653
0.00630
0.00656
0.00620
0.00596
0.00559
0.00625
0.00600
0.00626
0.00586
0.00570
0.00594
0.00513
0.00532
0.00524
0.00523
0.00668
0,00628
0.00626
0.00641
15
13
14
4
• I
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of the effect of wood forms on the cooling of fresh concrete, the thick-
ness of the board was assumed as equivalent in effect to a certain
thickness of concrete.
Each specimen in experiments Nos. 8, 11, and 16 may be con-
sidered as one-half of a wall having a thickness of twice the depth of
the specimen and having both faces of the wall protected by boards
1.9 cm. (/4 in.) in thickness. Curves showing temperatures at different
depths from the surface of the walls for various intervals of time,
taking the initial temperature difference of air and concrete as unity,
are plotted in Fig. 10.
Assuming a value of h, curves of temperatures corresponding to
the above figures were calculated from equation (1) and plotted for
different thicknesses of wall using the value of diffusivity of concrete
as k = 0.0063. These curves and the curves of Fig. 10 were compared
to find out at what values of h and thickness of wall the former ap-
proximated the latter. By this tentative method it was found that
when a thickness of 11.25 cm. for the concrete was used in place of 1.9
cm. for the board and h equal to 0.031, the curves coincided very closely
for the 48-hour period, but not so well for the 12-hour period.
On the whole, considering the entire range of the experiments, a
thickness of concrete five times the thickness of a wood board may be
considered equivalent in effect to the board, using h = 0.031 for the
latter.
13. - Effect of Canvas in Protecting Fresh Concrete.-The mathe-
matical explanation of this effect is more difficult than the above case,
and from the results of experiments Nos. 9 and 12 no general conclusion
could be made. However, the curves shown in Fig. 11, which are
based on the results of the experiments, are believed to give some
information on the protection afforded by the use of canvas.
14. Effect of Amount of Water Used.-The curves of tempera-
ature in Fig. 12 which are based on the results of experiments Nos.
14, 5, and 13 for very dry, medium, and very wet consistencies of
concrete, respectively, show that the more water used in mixing
the concrete the slower the cooling is until the freezing of the fresh
concrete begins. However, when the strength of concrete and the
condition of the concrete after freezing are taken into account, it will
be far better and safer in mixing concrete to use the least amount of
water that will produce a workable mixture.
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FIG. 10.' DIAGRAMS FOR COOLING OF WALLS PROTECTED BY %-IN. WOOD FORMS
STUDIES ON COOLING OF FRESH CONCRETE IN FREEZING WEATHER 35
FIG. 11. DIAGRAMS FOR COOLING OF WALLS PROTECTED BY CANVAS
15. Summary of Experimental Results.-It is believed that the
following general conclusions are instructive:
(1) For the application of the mathematical theory of heat
conduction to the cooling of fresh concrete, the thermal constants,
diffusivity and the ratio of the emissivity to the coefficient of
conductivity, for commonly used concrete mixtures having the
wettest consistency which can satisfactorily be used in cold
weather and a still air condition, may be taken, in C. G. S. units,
as 0.0063 and 0.046 respectively. These figures are especially safe
for massive concrete work and for rich concretes.
(2) Under favorable temperature conditions in the con-
crete, the rise in temperature during its setting is greatest in the
period between six and twelve hours after the time of mixing.
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It is important that as much strength as possible be acquired at
an early age, if the concrete is later to be subjected to low tem-
peratures. It is, therefore, important and necessary in cold
weather to protect concrete very carefully for at least twelve hours
after pouring, because during that time the chemical action of
cement and water is greatest, the increase in strength is very
marked, the heat produced helps to retard the later cooling of
the concrete, and protection during this period makes the concrete
better able to resist the effect of low temperature.
(3) It is apparent from the analysis that very much more
care must be taken to prevent the freezing of the concrete in
relatively light structures than in massive work.
(4) Wind has very great effect on the cooling of fresh con-
crete. Every precaution should be taken to protect the surface
from the wind.
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III. ANALYTICAL APPLICATIONS
16. Massive Concrete with One Surface Exposed.-Consider a
mass of concrete of indefinite lateral extent and having one surface
exposed to the air. Consider the temperature of the ground to be
the same as that of the concrete when poured. For simplicity it is
assumed that the soil has the same diffusivity as the fresh concrete,
as would be approximately true in ordinary cases. The difference
between the initial temperature of the concrete in place and the tem-
perature of the air during the time considered (assumed to remain
constant) will be called vo, and the difference between the tempera-
ture of the air and that of any point in the concrete at any time t
after pouring will be called v, the centigrade scale being used. Take
the origin of distances at the surface of the concrete, and the positive x
direction as running into the concrete.
Then the cooling is due to the radiation, convection, and evapora-
tion of water at the surface (the constants determined from experi-
ments taking care of evaporation). The equations for the temperature
are:
Ov 02 v
T = h5x 0 <x< c
-x hv=o at x=0
v = v. for t = 0
It is assumed that the temperature at infinity is constant and
always equal to v,, so that
v = v0  for t = 0
The solution* of these equations is
x cc x + 2hki
v = j2, e du +± -f e u2)
vY au - _e- du- e du)
or =0 ) + h+  -1-0 +h ....... (6)
* Carslaw, "Fourier's Series and Integrals," page 245, 1906.
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where,
0(x) = f e du.
In the equation
v = temperature in degrees centigrade,
x = depth below the surface in cm.,
t = time in seconds,
using the values k = 0.0063 and h = 0.046 which have been determined
from the experiments, equation (6) becomes
So( X58 ~)+eI0.046x +0.000013331{ l(
.1588 1 _+0.00365 T(7)
v, 0.1588 vt ( 0 -.1588-, t
From this equation, the temperature at any depth below the
surface at any time after pouring the concrete may be obtained.
The temperature at the surface at a certain time after the concrete
has been poured may be written by equation (6) as follows,
v = cv .................... ............................ (8)
where
c= eo.o0 48t 1 - (0.219 VT)
t being measured in hours. The numerical value of c is less than unity.
It should be noted that for the constants used the equations given
will hold good only until the concrete begins to freeze.
When the surface is protected with a board, it is convenient to
assume a thickness of concrete equivalent in effect to the given thick-
ness of board in the manner described in Article 12, using h = 0.0031
and k = 0.0063. Then equation (6) will apply to this case, the tem-
perature at the depth of the equivalent thickness of concrete giving
the temperature at the surface of the concrete against the board.
17. Thin Wall or Slab.-In a thin wall or slab having two
surfaces exposed, cooling takes place from both sides. Call v. the
difference in temperature between the initial temperature of the con-
crete and the assumed temperature of the air, and v the difference
in temperature between the air and any point in the concrete at a
time t, the point being distant x from one of the surfaces.
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Then equation (1)
n= -CC
v = 2' l -k a 2n t a,(cosa,,x+ehsin ax f
O (a +h 2 )l+2h Jo (a"cosaex+hsinax)dx
n=1l
gives the temperature in .the concrete in this case. The equation may
be written as
V = co
where c denotes the right hand member of equation (1).
In this equation
1 - the thickness of the concrete in cm.
x = the distance from one of the surfaces to the point considered
in cm.
t = time in seconds after pouring the concrete.
a, = the n th positive root of the equation
2ahtanal = 2 
a 2 -h
2
h= 0.046
k = 0.0063
When there are wood forms on one or both sides of the wall or
slab, a thickness of concrete equivalent in effect to the given thickness
of the board must be added to the thickness of concrete in the manner
described in Article 12. To apply the equation, use the values h
0.031 and k = 0.0063 for the case of forms on both sides, and h = 0.046
and k = 0.0063 for the case with form on one side, to calculate the
temperature of the unprotected side.
18. Beam or Column of Rectangular Cross-section.-If a thick-
ness of concrete equivalent in effect to the given thickness of board
is assumed as before, the following equation of flow of heat in a rec-
tangular parallelepiped will give the temperature in a beam or column
of rectangular cross-section with wood forms, at any time after pouring
the concrete until the freezing of concrete begins. Let the initial
temperature of a fresh concrete column or beam (a by b in cross sec-
tion, c in length) be v, above the temperature of the air, cooling taking
place at the faces by radiation and convection into the air.
Then the following equations must be satisfied:
Ov - k 02 v 02 v zv o
-9 -- = j "x2 
-'y2+ 
-2 v in the solid;
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--- +hv=0 at x=O,y=0,z=0;
Ox +hv = 0 at x=a,y=b,z=c;
v = v. at t = 0.
The solution* of these equations is
0c Oc cc
V 4 LXDl 2 P--X_1 _ 2 a -+ l  Z 2 r + l
v a LL (a,+l + h2)+2h b(f +,+h 2)+2h c ('r+,+h2)+2h
p=O qM= r=O
-k(a2 + 2 +^ )
e 2P+1 2q+l 2r+ l-  ... ................................... (9)
or v = c V.
where
h
X = cos ax +-sin ax
a
hY= cos Ofy + -sin y
Z = cos Y z + - sin Y z
and a, f3, y are roots of the equations
2ah
tan aa = -
o2-h
2 "
2 yhtan b - 2• h
tan C = 2,y h
Use C. G. S. units and h = 0.031 and k = 0.0063
19. Column of Circular Cross-section.-The temperature of the
fresh concrete column of circular cross-section is vo above the tempera-
ture of the surrounding air. Call I the radius of the column. It is
assumed that both ends of the column are well protected and that
cooling takes place through the convex surface of the column, so that
the lines of flow of heat are radial in planes perpendicular to the axis
of the column.
* Carslaw, "Fourier's Series and Integrals," page 820, 1906.
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Then the equations of temperature expressed in cylindrical co-
ordinates, taking the center as origin, are
Ov / 2 v 1 avk - + 1 0<r< l
at 9r 2  r Or,
OvOr + hv = 0 at r = l,
a r
v = vo for t = 0.
The solution* of these equations is
v 2h -kat Jo(ar) (10)
v-o " (a +h 2 ) Jo (a, 1)
or v = c v.
in which a, , C2 , . .
. . . . . . . .
. are the roots of the equation
aJ• (al) - hJ, (al) = 0
and Jo is the Bessel's function of the first kind of zero order. The
values of the thermal constants h and k may be taken as h = 0.046 and
k = 0.0063, C. G. S. units being used.
When there are wood forms, a thickness of concrete equivalent in
effect to the given thickness of the board must be added to the thick-
ness of concrete in the manner described in Article 12 to apply equa-
tion (10). Call I the total radius of the column including the addi-
tional thickness equivalent to the forms, and use the values h = 0.031
and k = 0.0063. Then equation (10) will give the temperature in the
column under still air conditions at any point at any time until
the freezing of the concrete begins.
* Carslaw, "Fourier's Series and Integrals," Page 313, 1906.
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IV. SOME APPLICATION OF EXPERIMENTAL DATA AND ANALYSIS
TO WORK OF CONCRETING IN FREEZING WEATHER
20. General Considerations.-Heat hastens the setting and hard-
ening of concrete; cold delays it. The effect of cold becomes noticeable
in this respect when the temperature falls below 50 deg. F. (10 deg.
C.), and becomes more marked with lower temperatures. At tempera-
tures below the freezing point of water the fresh concrete will freeze.
If the temperature of the concrete when placed is low, setting will
be delayed, and, if subjected to further cooling by low air temperature,
the concrete may freeze before it has attained sufficient strength to
withstand the stresses to which it may be subjected, or even before it
has taken its set. Serious objection should be made to allowing con-
crete to freeze before it has set or even before it has hardened very
long. The general opinion is that a freezing temperature will not
injure concrete that has first had an opportunity to harden for at
least 48 hours under favorable conditions, though repeated freezing
and thawing at an early age may be expected to cause injury. It is
better and safer to protect concrete until freezing temperatures will
have no injurious effect on it than to expose it to freezing at too early
an age. Accordingly, the exposure of fresh concrete to freezing is not
considered here, and the discussions that follow apply only until such
a time as the freezing of fresh concrete would begin.
To predict the temperature of the concrete after a certain time
by the application of the theory of heat conduction, it is necessary to
forecast atmospheric temperature for some time after the concrete
has been deposited. The forecast of the weather bureau will generally
be found of great assistance.
In general, concrete work in winter is more difficult and somewhat
more expensive than in summer; but policy frequently makes work
in cold weather necessary and even economical. However, in order to
attain satisfactory results in this case, proper precautions have to be
observed.
It is the purpose of this chapter to describe some applications of
the experimental data to concreting in freezing weather. It is not
considered that the solutions given are very exact, but it is hoped to
provide some information concerning the precautions to be observed.
ILLINOIS ENGINEERING EXPERIMENT STATION
The general effect of heating the materials, the presence of the forms
and other protective covering, and the use of chemicals to lower the
freezing point will be considered.
21. Concrete with One Surface Exposed.-The larger concrete
constructions such as foundations, abutments, and retaining walls
fairly well protected on the sides, may be considered to have the cool-
ing take place by radiation and convection over one exposed surface,
and the equations given in Article 16, "Massive Concrete with One
Surface Exposed," may be considered to apply. The cooling from
the sides of the structure will be small as compared with that from the
exposed surface.
From equation (7) the diagrams in Figs. 13 and 14 have been
prepared; v, is the initial temperature of the concrete; v, is the
assumed air temperature to which the exposed surface will be sub-
jected; v is the temperature attained by the concrete at a given
distance from the surface at the given time after the concrete was
poured. As V2 c is a ratio, any thermometric scale may be used,
and the diagrams are, therefore, applicable to the Fahrenheit scale.
It should be borne in mind that for the constants used, the diagrams
do not apply after the concrete begins to freeze.
As an example, assume the temperature of the finished concrete
to be 60 deg. F., and that of the air the following night 10 deg. F.
From Fig. 13 or Fig. 14 the ratio c for temperature at the surface
after 12 hours is
v - v2  v-10c - 0.5,
vI-v 2  60-10
v = 35 deg. F.
After 12 hours the temperature 4 in. below the surface (from Fig.
13 or Fig. 14, ratio c = 0.705) will be
v == 2 + 0.705 (v, -. v 2) = 45 deg. F.
To determine the time when the freezing point will be reached at
the surface of the concrete for the temperatures just used, the ratio
v - v2  32 - 10VV 2 = 6-10 = 0.44, and
vi- v2 60-10
from Fig. 13 the time corresponding to this ratio is 18 hours.
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FIG. 13. DIAGRAMS FOR COOLING OF MASSIVE FOUNDATIONS
FIG. 14. DIAGRAMS FOR COOLING OF MASSIVE FOUNDATIONS
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Attention is again called to the fact that the cooling is' assumed
to have taken place under still air conditions. The experiments showed
that exposing the surface to wind produced a much more rapid cool-
ing of the concrete at its surface, though the effects did not penetrate
far below the surface.
When the surface of the concrete is protected by a covering, as
for example a wooden form, the radiation and conduction at the
surface is modified and a different thermal constant must be used.
Figs. 15 and 16 give curves of cooling for a surface covered with
boards, calculated by the method described in Article 16. To use these
diagrams, consider that the board covering is equivalent in effect to an
additional thickness of concrete, which may for the purpose be taken
as five times the thickness of the board, and take from the diagram the
ratio -- 2 which corresponds to the total distance to the point in
V 1 ~-V2
question, including in this distance the equivalent thickness due to the
thickness of the form.
As an example assume the thickness of the board to be 1 in.
This will be considered equivalent to adding 5 in. of concrete.
Take v, as 60 deg. F. and v 2 as 10 deg. F. From Figs. 15 and 16 the
ratio after 72 hours at a depth of 5 in., corresponding to the actual
surface of the concrete, is 0.5. Then
v = 10 + 0.5 (60 -10) = 35 deg. F.
which is the expected temperature at the surface of the concrete after
72 hours. Similarly, a 2-in. board covering will show a temperature
at the surface of the concrete after 72 hours of 41 deg. F. The fore-
going examples assume that the thickness of the concrete is not small;
little error will be found if the thickness is at least 6 in.
A covering of boards placed over the surface of concrete, such
as a floor or pavement, will give much the same effect as the forms,
if the covering is tight enough to prevent the circulation of air and
wind.
As the experiments with a protection of canvas 3 in. from
the surface of the concrete showed about the same effect as that found
with a covering of 3/4-in. boards, Figs. 15 and 16 may also be expected
to give values of the ratio approximating the conditions of the canvas
cover.
For a .covering of earth Figs. 13 and 14 may be expected to ap-
proximate the cooling conditions, the effect of a given thickness of
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FIG. 16. DIAGRAMS FOR COOLING OF MASSIVE FOUNDATIONS PROTECTED BY
WOOD FORMS
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earth being taken as the same as that of an equal thickness of concrete.
The temperature of the surface of the concrete will then be determined
by finding a value for a distance below the surface equal to the thick-
ness of the earth cover. This really assumes that one inch of boards
gives the same protection as five inches of earth.
22. Thin Wall or Slab.-The concrete of temperature v1 is de-
posited into the wood forms of a wall. The average temperature of
the air from the time of pouring the concrete to a certain time is
expected to be v. It is required to predict the temperature in the
wall at that time, assuming that both the top and bottom of the
wall are well protected from cooling.
If the thickness of the boards of the form is 3/4 in., the curves
of temperatures shown in Fig. 10, which embody the results of the
experiments, are directly applicable for walls having the thicknesses
of 24 in., 16 in., and 8 in. respectively. As an example, assume
v, = 60 deg. F., v2 = 10 deg. F., and thickness of the wall = 16 in.
From Fig. 10 the ratio c V= -- V2 , for temperature at the surfaceV1 - V2
of the concrete 36 hours after pouring, is
v- v v-l10
c = - 1  = 0.525Vi-v 2  60-10
v = 36 deg. F.
After 36 hours the temperature at the center of the wall (from Fig. 10,
c = 0.615) will be
v = 10 + 0.615 (60 - 10) = 41 deg. F.
To determine the time when the freezing point will be reached at
the surface of the concrete for the temperature just used, the ratio
v-v 2 _ 32-10c = --- - 10= 0.44, and
vi - V2 60-10
from Fig. 10 the time corresponding to this ratio is about 46 hours.
To obtain information as to the rate of cooling for other thick-
nesses of walls and other thicknesses of forms, the method described in
Article 12 may be used. The temperatures at different times in walls
having thicknesses of 16 in., 20 in., 24 in., and 32 in., respectively,
have been calculated in the manner described in Article 17 and
plotted in Figs. 17 and 18. To use these diagrams, consider that
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FIG. 17. DIAGRAMS FOR COOLING OF WALLS PROTECTED BY WOOD FORMS
the boards of the forms are equivalent in effect to an additional
thickness of concrete, which may for the purpose be taken as five
times the thickness of the board, and calculate the total thickness of
the wall. From the diagram corresponding to the total thickness,
take the ratio - -2- which corresponds to the total distance to the
V 1 - V 2
point inl question, including in this distance the equivalent thickness
of concrete corresponding to the thickness of the form.
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If this total thickness lies between the values shown on the dia-
grams the method of interpolation may be used.
As an example, assume v, = 60 deg. F., v2 = 10 deg. F., l == the
thickness of the wall = 14 in., and t' = the additional thickness of
concrete having the same effect as the given thickness of form. With
a 1-in. board t' will be taken as 5 in., which must be added on
each side of the wall.
FIG. 18. DIAGRAMS FOR COOLING OF WALLS PROTECTED BY WOOD FORvs
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Then the total thickness of the wall is
S= 10 +2t' = 14 +10= 24 in.
From Fig. 18 the ratio -v2- after 36 hours, at a depth of 5
in., corresponding to the actual surface of the concrete, is 0.52. Then
v = 10 + 0.52 (60 - 10) = 36 deg. F.
Similarly, the time at which the freezing temperature will reach the
concrete is estimated to be 45 hours.
23. Column of Circular Cross-section.-Consider that concrete
of temperature v, is deposited into wood forms of circular cross-section,
the temperature of the surrounding air being v2 . Assuming the
equivalent thickness of concrete for the board of the form, let the total
radius of the equivalent column be
l= ro + t'
where r o is the radius of the column and t' is the additional thickness
of concrete having the same effect as the given thickness of form,
which may for the purpose be taken as five times the thickness of
the board. If both ends of the column are well protected from cool-
ing, equation (10) applies to this case.
For the values of radius, 1, of 10 in., 14 in., and 20 in., respectively,
the ratio c V -- has been calculated by equation (10) in the man-
Vl -V 2
ner described in Article 19 and plotted in Fig. 19.
The use of this figure is similar to that of Figs. 17 and 18.
24. Heating the Materials.-A good method to use in concreting
in freezing weather is to heat the materials. Frozen aggregate is
frequently considered to be the cause of failure of concrete laid in
freezing weather. The water, the sand and the water, or the entire
aggregate and the water should be heated, as called for by circum-
stances.
It is clear that heating the materials lengthens the time before
the mixture becomes cold enough to freeze. In order that the freezing
temperature may not penetrate into the surface of fresh concrete it
is necessary that, using Fahrenheit units,
S> 32 -c) 2...........................(11)
c C
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FIo. 19. DIAGRAMS FOR COOLING OF CIRCULAR COLUMNS PROTECTED BY
WOOD FORMS
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where c is the ratio V-V2 at the surface of the concrete at a given
V 1 -V 2
time after pouring.
This expression gives the temperature at which the concrete must
be finished to prevent its freezing after it has been exposed to the
low temperature for the given length of time. The values of c for
foundations, walls, etc., may be obtained from the diagrams for the
several cases already explained.
As an example, in order that the freezing temperature may not
penetrate below the surface of the concrete foundation, used as an
example in Article 21, after 48 hours with the temperature of the air
10 deg. F., the temperature at which the concrete must be placed is
found from Fig. 13 and formula (11) to be 79 deg. F.
If, in the same example, the fresh concrete is deposited at 100 deg.
F. instead of at 60 deg. F., the temperature used in the example in
Article 21, the time required for the surface of the concrete to cool
to 32 deg. F. will be found by extrapolation to be about 80 hours
instead of 18 hours.
There is a practical limit to the value of vj, as excessive heating
may accelerate too much the setting of the cement. The safe maximum
temperature of the fresh concrete may be taken as about 100 deg. to
120 deg. F. Putting these values in formula (11), it becomes
( 32-c (100 to 120) (S -> c ......... . .......... (12)
For a given length of time after pouring, the lowest expected
temperature, when using this method of heating the materials, can be
obtained from the above expression.
It is to be noted here, that, as heating the materials accelerates
the rate of hardening, this also helps to insure the setting of the
concrete before it can be damaged by frost.
In using this method it should be kept in mind that every effort
must be taken to keep the fresh concrete at a temperature not below
the specified one. The rapidity with which the work can be done
after the heating is stopped, needs much consideration. As a practical
precaution special care must be taken to remove all frozen lumps of
aggregate and all ice and snow crystals.
25. Lowering the Freezing Point of the Mixing Water by Using
Chemicals.-One way of preventing the freezing of fresh concrete
in cold weather is to lower the freezing point of the water in the con-
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crete by employing chemicals, usually common salt, or sodium chloride,
and to a lesser extent calcium chloride.
Though this method is effective only for temperatures a little below
freezing, and should not be used where there is danger of electrolysis,
nor in concrete reinforced with steel, it is sometimes used because of
the simplicity of the process.
Approximately, by Professor Tetmajer's rule reduced to Fahren-
heit units, each per cent by weight of salt added to the water reduces
the freezing point by one degree Fahrenheit, no more than 10 per
cent by weight being considered safe practice.
Formula (11) is applicable to this case. Using 10 per cent salt
brine, the relation between v, and v2 is
22 (1-c)
vi > --- V2 s.
. . . . . . . . . . . . . . . . . . . . . . . .
. (13)
c c
As may be seen from the curves of cooling for the several cases,
in ordinary cold weather the freezing temperature will not penetrate
many inches into the concrete in two or three days after pouring.
Consequently, it is not necessary to use brine with the whole mass of
concrete. Only the surface layer of the concrete need be made with
brine.
If the temperature of the air is much below the freezing point of
the mixture, equations (11) and (13) show that the advantage of the
chemical is small. In fact, protection by some form of covering is
generally much to be preferred, especially as the rate of hardening is
reduced both by the.presence of the salt and the lower temperature
attained.
26. General Conclusions.-It is believed that the constants de-
rived from the tests are applicable to the ordinary conditions of fresh
concrete. The value of k, the diffusivity, is 0.0063; that of h, the
ratio of the emissivity to the coefficient of conductivity, is 0.046.
From the cooling curves given for massive concrete, thin walls and
slabs, and beams and columns, the time of cooling and the temperature
attained by the concrete in any particular case may be estimated.
The protection afforded by board forms and by canvas is consider-
able, as was shown by the examples given.
If a canvas protection is used, care must be taken to prevent any
circulation of cold air, and it is best to observe the temperature in the
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air space by means of a thermometer. Knowing this temperature, the
time when the freezing temperature will penetrate into the concrete
may be estimated from the diagrams and the necessity of using arti-
ficial heat determined.
The heating of the materials is seen to furnish an excellent method
of ensuring early hardening and delaying the fall in temperature. It
is much to be preferred to the use of chemicals.
The effect of the wind should also be given consideration.
The diagrams are of some value in connection with the determina-
tion of the time for the removal of the forms, since they will enable the
temperature attained by the concrete to be estimated. As the concrete
gains strength much more slowly at a low temperature, and as frozen
concrete is especially dangerous, information on the temperature at-
tained is of value and the too early removal of forms may be avoided.
If by this or other means the mean temperature of the concrete for a
given time is known, the comparative strength of the concrete may be
estimated from the diagrams given by Professor A. B. McDaniel in
Bulletin No. 81 of the Engineering Experiment Station of the Uni-
versity of Illinois, which shows the influence of temperature on the
strength of concrete, and thus the judgment may be aided in deciding
on the safe time to remove the forms.

LIST OF
PUBLICATIONS OF THE ENGINEERING EXPERIMENT STATION
Bulletin No. 1. Tests of Reinforced Concrete Beams, by Arthur N. Talhot
1904. None available.
Circular No. 1. High-Speed Tool Steels, by L. P. Breckenridge. 1905. None
available.
Bulletin No. S. Tests of High-Speed Tool Steels on Cast Iron, by L. P.
Breckenridge and Henry B. Dirks. 1905. None available.
Circular No. 2. Drainage of Earth Roads, by Ira 0. Baker. 1906. None
available.
Circular No. S. Fuel Tests with Illinois Coal (Compiled from tests made
by the Technological Branch of the U. S. G. S., at the St. Louis, Mo., Fuel Test-
ing Plant, 1904-1907), by L. P. Breckenridge and Paul Diserens. 1908. Thirty
cents.
Bulletin No. 3. The Engineering Experiment Station of the University of
Illinois, by L. P. Breckenridge. 1906. None available.
Bulletin No. 4. Tests of Reinforced Concrete Beams, Series of 1905, by
Arthur N. Talbot. 1906. Forty-five cents.
Bulletin No. 5. Resistance of Tubes to Collapse, by Albert P. Carman and
M. L. Carr. 1906. None available.
Bulletin No. 6. Holding Power of Railroad Spikes, by Roy I. Webber. 1906
None available:
Bulletin No. 7. Fuel Tests with Illinois Coals, by L. P. Breckenridge, S. W
Pprr, and Henry B. Dirks. 1906. None available.
Bulletin No. 8. Tests of Concrete: I, Shear; II, Bond, by Arthur N. Tal-
bot. 1906. None available.
Bulletin No. 9. An Extension of the Dewey Decimal System of Classification
Applied to the Engineering Industries, by L. P. Breckenridge and G. A. Good-
enough. 1906. Revised Edition, 1912. Fifty cents.
Bulletin No. 10. Tests of Concrete and Reinforced Concrete Columns, Series
of 1906, by Arthur N. Talbot. 1907. None available.
Bulletin No. 11. The Effect of Scale on the Transmission of Heat through
Locomotive Boiler Tubes, by Edward C. Schmidt and John M. Snodgrass. 1907.
None available.
Bulletin No. 12. Tests of Reinforced Concrete T-Beams, Series of 1906, by
Arthur N. Talbot. 1907. None available.
Bulletin No. 13. An Extension of the Dewey Decimal System of Classifica-
tion Applied to Architecture and Building, by N. Clifford Ricker. 1906. None
available.
Bulletin No. 14. Tests of Reinforced Concrete Beams, Series of 1906, by
Arthur N. Talbot. 1907. None available.
58 PUBLICATIONS OF THE ENGINEERING EXPERIMENT STATION
Bulletin No. 15. How to Burn Illinois Coal without Smoke, by L. P. Breck-
enridge. 1907. None available.
Bulletin No. 16. A Study of Roof Trusses, by N. Clifford Ricker. 1907.
None available.
Bulletin No. 17. The Weathering of Coal, by S. W. Parr, N. D. Hamilton,
and W. F. Wheeler. 1907. None available.
Bulletin No. 18. The Strength of Chain Links, by G. A. Goodenough and
L. E. Moore. 1907. Forty cents.
Bulletin No. 19. Comparative Tests of Carbon, Metallized Carbon, and Tan-
talum Filament Lamps, by T. H. Amrine. 1907. None available.
Bulletin No. 20. Tests of Concrete and Reinforced Concrete Columns, Series
of 1907, by Arthur N. Talbot. 1907. None available.
Bulletin No. 21 Tests of a Liquid Air Plant, by C. S. Hudson and 0. M. Gar-
land. 1908. Fifteen cents.
Bulletin No. 92. Tests of Cast-Iron and Reinforced Concrete Culvert Pipe,
by Arthur N. Talbot. 1908. None available.
Bulletin No. 23. Voids, Settlement, and Weight of Crushed Stone, by Ira 0.
Baker. 1908. Fifteen cents.
*Bulletin No. 24. The Modification of Illinois Coal by Low Temperature Dis-
tillation, by S. W. Parr and C. K. Francis. 1908. Thirty cents.
Bulletin No. 25. Lighting Country Homes by Private Electric Plants, by
T. H. Amrine. 1908. Twenty cents.
Bulletin No. 26. High Steam-Pressure in Locomotive Service. A Review of a
Report to the Carnegie Institution of Washington, by W. F. M. Goss. 1908.
Twenty-five cents.
Bulletin No. 27. Tests of Brick Columns and Terra Cotta Block Columns, by
Arthur N. Talbot and Duff A. Abrams. 1908. Twenty-five cents.
Bulletin No. 28. A Test of Three Large Reinforced Concrete Beams, by
Arthur N. Talbot. 1908. Fifteen cents.
Bulletin No. 29. Tests of Reinforced Concrete Beams: Resistance to Web
Stresses, Series of 1907 and 1908, by Arthur N. Talbot. 1909. Forty-five cents.
Bulletin No. 30. On the Rate of Formation of Carbon Monoxide in Gas Pro-
ducers, by J. K. Clement, L. H. Adams, and C. N. Haskins. 1909. Twenty-five
cents.
Bulletin No. 31. Tests with House-Heating Boilers, by J. M. Snodgrass. 1909.
Fifty-five cents.
Bulletin No. S2. The Occluded Gases in Coal, by S. W. Parr and Perry
Barker. 1909. Fifteen cents.
Bulletin No. 33. Tests of Tungsten Lamps, by T. H. Amrine and A. Guell.
1909. Twenty cents.
*Bulletin No. S4. Tests of Two Types of Tile-Roof Furnaces under a Water-
Tube Boiler, by J. M. Snodgrass. 1909. Fifteen cents.
* A limited number of copies of bulletins starred are available for free distribution.
PUBLICATIONS OF THE ENGINEERING EXPERIMENT STATION 59
Bulletin No. $5. A Study of Base and Bearing Plates for Columns and
Beams, by N. Clifford Ricker. 1909. None available.
Bulletin No. 36. The Thermal Conductivity of Fire-Clay at High Temper-
atures, by J. K. Clement and W. L. Egy. 1909. Twenty cents.
Bulletin No. 37. Unit Coal and the Composition of Coal Ash, by S. W. Parr
and W. F. Wheeler. 1909. None available.
Bulletin No. 38. The Weathering of Coal, by S. W. Parr and W. F. Wheeler.
1909. Twenty-five cents.
*Bulletin No. 39. Tests of Washed Grades of Illinois Coal, by C. S. McGovney.
1909. Seventy-five cents.
Bulletin No. 40. A Study in Heat Transmission, by J. K. Clement and C. M.
Garland. 1909. Ten cents.
Bulletin No. 41. Tests of Timber Beams, by Arthur N. Talbot. 1909. Thirty-
five cents.
*Bulletin No. 40. The Effect of Keyways on the Strength of Shafts, by Her-
bert F. Moore. 1909. Ten cents.
Bulletin No. 43. Freight Train Resistance, by Edward C. Schmidt. 1910.
Seventy-five cents.
Bulletin No. 44. An Investigation of Built-up Columns under Load, by
Arthur N. Talbot and Herbert F. Moore. 1910. Thirty-five cents.
*Bulletin No. 45. The Strength of Oxyacetylene Welds in Steel, by Herbert
L. Whittemore. 1910. Thirty-five cents.
Bulletin No. 46. The Spontaneous Combustion of Coal, by S. W. Parr and
F. W. Kressman. 1910. Forty-five cents.
*Bulletin No. 47. Magnetic Properties of Heusler Alloys, by Edward B.
Stephenson. 1910. Twenty-five cents.
*Bulletin No. 48. Resistance to Flow through Locomotive Water Columns, by
Arthur N. Talbot and Melvin L. Enger. 1911. Fevty cents.
*Bulletin No. 49. Tests of Nickel-Steel Riveted Joints, by Arthur N. Talbot
and Herbert F. Moore. 1911. Thirty cents.
*Bulletin No. 50. Tests of a Suction Gas Producer, by C. M. Garland and
A. P. Kratz. 1911. Fifty cents.
Bulletin No. 51. Street Lighting, by J. M. Bryant and H. G. Hake. 1911.
Thirty-five cents.
*Bulletin No. 5.. An Investigation of the Strength of Bolled Zinc, by Herbert
F. Moore. 1911. Fifteen cents.
*Bulletin No. 53. Inductance of Coils, by Morgan Brooks and H. M. Turner.
1912. Forty cents.
*Bulletin No. 54. Mechanical Stresses in Transmission Lines, by A. Guell.
1912. Twenty cents.
*Bulletin No. 55. Starting Currents of Transformers, with Special Reference
to Transformers with Silicon Steel Cores, by Trygve D. Yensen. 1912. Twenty
cents.
* A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 56. Tests of Columns: An Investigation of the Value of Con-
crete as Reinforcement for Structural Steel Columns, by Arthur N. Talbot and
Arthur R. Lord. 1912. Twenty-five cents.
*Bulletin No. 57. Superheated Steam in Locomotive Service. A Review of
Publication No. 127 of the Carnegie Institution of Washington, by W. F. M
Goss. 1912. Forty cents.
*Bulletin No. 58. A New Analysis of the Cylinder Performance of Reciprocat-
ing Engines, by J. Paul Clayton. 1912. Sixty cents.
*Bulletin No. 59. The Effect of Cold Weather upon Train Resistance and
Tonnage Rating, by Edward C. Schmidt and F. W. Marquis. 1912. Twenty cents.
Bulletin No. 60. The Coking of Coal at Low Temperature, with a Preliminary
Study of the By-Products, by S. W. Parr and H. L. Olin. 1912. Twenty-five cents.
*Bulletin No. 61. Characteristics and Limitations of the Series Transformer,
by A. R. Anderson and H. R. Woodrow. 1912. Twenty-five cents.
Bulletin No. 62. The Electron Theory of Magnetism, by Elmer H. Williams.
1912. Thirty-five cents.
Bulletin No. 63. Entropy-Temperature and Transmission Diagrams for Air,
by C. R. Richards. 1913. Twenty-five cents.
*Bulletin No. 64. Tests of Reinforced Concrete Buildings under Load, by
Arthur N. Talbot and Willis A. Slater. 1913. Fifty cents.
*Bulletin No. 65. The Steam Consumption of Locomotive Engines from the
Indicator Diagrams, by J. Paul Clayton. 1913. Forty cents.
Bulletin No. 66. The Properties of Saturated and Superheated Ammonia
Vapor, by G. A. Goodenough and William Earl Mosher. 1913. Fifty cents.
Bulletin No. 67. Reinforced Concrete Wall Footings and Column Footings,
tiy Arthur N. Talbot. 1913. None available.
Bulletin No. 68. The Strength of I-Beams in Flexure, by Herbert F. Moore.
1913. Twenty cents.
Bulletin No. 69. Coal Washing in Illinois, by F. C. Lincoln. 1912. Fifty
cents.
Bulletin No. 70. The Mortar-Making Qualities of Illinois Sands, by C. C.
Wiley. 1913. Twenty cents.
Bulletin No. 71. Tests of Bond between Concrete and Steel, by Duff A.
Abrams. 1913. One dollar.
*Bulletin No. 72. Magnetic and Other Properties of Electrolytic Iron Melted
in Vacuo, by Trygve D. Yenscn. 1914. Forty cents.
Bulletin No. 73. Acoustics of Auditoriums,.by F. R. Watson. 1914. Twenty
cents.
*Bulletin No. 74. The Tractive Resistance of a 28-Ton Electric Car, by Harold
H. Dunn. 1914. Twenty-five cents.
Bulletin No. 75. Thermal Properties of Steam, by G. A. Goodenough. 1914.
Thirty-five cents.
* A limited number of copies of bulhltins starred are available for free distribution.
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Bulletin No. 76. The Analysis of Coal with Phenol as a Solvent, by S. W.
Parr and H. F. Hadley. 1914. Twenty-five cents.
*Bulletin No. 77. The Effect of Boron upon the Magnetic and Other Prop-
erties of Electrolytic Iron Melted in Vacuo, by Trygve D. Yensen. 1915. Ten
cents.
Bulletin No. 78. A Study of Boiler Losses, by A. P. Kratz. 1915. Thirty-
five cents.
*Bulletin No. 79. The Coking of Coal at Low Temperatures, with Special Ref-
erence to the Properties and Composition of the Products, by S. W. Parr and
H. L. Olin. 1915. Twenty-five cents.
Bulletin No. 80. Wind Stresses in the Steel Frames of Office Buildings, by
W. M. Wilson and G. A. Maney. 1915. Fifty cents.
Bulletin No. 81. Influence of Temperature on the Strength of Concrete, by
A. B. McDaniel. 1915. Fifteen cents.
Bulletin No. 82. Laboratory Tests of a Consolidation Locomotive, by E. C.
Schmidt, J. M. Snodgrass, and R. B. Keller. 1915. Sixty-five cents.
*Bulletin No. 83. Magnetic and Other Properties of Iron-Silicon Alloys,
Melted in Vacuo, by Trygve D. Yensen. 1915. Thirty-five cents.
Bulletin No. 84. Tests of Reinforced Concrete Flat Slab Structures, by
Arthur N. Talbot and W. A. Slater. 1916. Sixty-five cents.
*Bulletin No. 85. The Strength and Stiffness of Steel under Biaxial Loading,
by A. J. Becker. 1916. Thirty-five cents.
Bulletin No. 86. The Strength of I-Beams and Girders, by Herbert F. Moore
and W. M. Wilson. 1916. Thirty cents.
*Bulletin No. 87. Correction of Echoes in the Auditorium, University of Illi-
nois, by F. R. Watson and J. M. White. 1916. Fifteen cents.
Bulletin No. 88. Dry Preparation of Bituminous Coal at Illinois Mines, by
E. A. Holbrook. 1916. Seventy cents.
Bulletin No. 89. Specifcle Gravity Studies of Illinois Coal, by Merle L. Nebel.
1916. Thirty cents.
*Bulletin No. 90. Some Graphical Solutions of Electric Railway Problems, by
A. M. Buck. 1916. Twenty cents.
Bulletin No. 91. Subsidence Resulting from Mining, by L. E. Young and
H. H. Stock. 1916. None available.
*Bulletin No. 92. The Tractive Resistance on Curves of a 28-Ton Electric
Car, by E. C. Schmidt and H. H. Dunn. 1916. Twenty-five cents.
*Bulletin No. 93. A Preliminary Study of the Alloys of Chromium, Copper,
and Nickel, by D. F. McFarland and 0. E. Harder. 1916. Thirty cents.
*Bulletin No. 94. The Embrittling Action of Sodium Hydroxide on Soft Steel,
by S. W. Parr. 1917. Thirty cents.
*Bulletin No. 95. Magnetic and Other Properties of Iron-Aluminum Alloys
Melted in Vacuo, by T. D. Yensen and W. A. Gatward. 1917. Twenty-five cents.
* A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 96. The Effect of Mouthpieces on the Flow of Water through
a Submerged Short Pipe, by Fred B Seely. 1917. Twenty-five cents.
"Bulletin No. 97. Effects of Storage upon the Properties of Coal, by S. W.
Parr. 1917. Twenty cents.
*Bulletin No. 98. Tests of Oxyacetylene Welded Joints in Steel Plates, by
Herbert F. Moore. 1917. Ten cents.
Circular No. 4. The Economical Purchase and Use of Coal for Heating
Homes, with Special Reference to Conditions in Illinois. 1917. Ten cents.
*Bulletin No. 99. The Collapse of Short Thin Tubes, by A. P. Carman. 1917.
Twenty cents.
*Circular No. 5. The Utilization of Pyrite Occurring in Illinois Bituminous
Coal, by E. A. Holbrook. 1917. Twenty cents.
*Bulletin No. 100. Percentage of Extraction of Bituminous Coal with Special
Reference to Illinois Conditions, by C. M. Young. 1917.
*Bulletin No. 101. Comparative Tests of Six Sizes of Illinois Coal on a Mi-
kado Locomotive, by E. C. Schmidt, J. M. Snodgrass, and 0. S. Beyer, Jr. 1917.
Fifty cents.
*Bulletin No. 102. A Study of the Heat Transmission of Building Materials,
by A. C. Willard and L. C. Lichty. 1917. Twenty-five cents.
*Bulletin No. 103. An Investigation of Twist Drills, by B. Benedict and W.
P. Lukens. 1917. Sixty cents.
*Bulletin No. 104. Tests to Determine the Rigidity of Riveted Joints of Steel
Structures, by W. M. Wilson and H. F. Moore. 1917. Twenty-five cents.
Circular No. 6. The Storage of Bituminous Coal, by H. H. Stoek. 191P.
Forty cents.
Circular No. 7. Fuel Economy in the Operation of Hand Fired Power
Plants. 1918. Twenty cents.
*Bulletin No. 105. Hydraulic Experiments with Valves, Orifices, Hose, Nozzles,
and Orifice Buckets, by Arthur N. Talbot, Fred B Seely, Virgil R. Fleming, and
Melvin L. Enger. 1918. Thirty-five cents.
*Bulletin No. 106. Test of a Flat Slab Floor of the Western Newspaper Union
Building, by Arthur N. Talbot and Harrison F. Gonnerman. 1918. Twenty cents.
Circular No. 8. The Economical Use of Coal in Railway Locomotives. 1918.
Twenty cents.
*Bulletin No. 107. Analysis and Tests of Rigidly Connected Reinforced Con-
erete Frames, by Mikishi Abe. 1918. Fifty cents.
*Bulletin No. 108. Analysis of Statistically Indeterminate Structures by the
Slope Deflection Method, by W. M. Wilson, F. E. Richart, and Camillo Weiss.
1918. One dollar.
*Bulletin No. 109. The Pipe Orifice as a Means of Measuring Flow of Water
through a Pipe, by B. E. Davis and H. H. Jordan, 1918. Twenty-five cents.
*Bulletin No. 110. Passenger Train Resistance, by E. C. Schmidt and H. H.
Dunn. 1918. Twenty cents.
* A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 111. A Study of the Forms in which Sulphur Occurs in Coal, by
A. R. Powell with S. W. Parr. 1919. Thirty cents.
*Bulletin No. 112. Report of Progress in Warm-Air Furnace Research, by
A. 0. Willard. 1919. Thirty-five cents.
*Bulletin No. 113. Panel System of Coal Mining. A Graphical Study of Per-
centage of Extraction, by C. M. Young. 1919.
*Bulletin No.-114. Corona Discharge, by Earle H. Warner with Jakob Kunz.
1919. Seventy-five cents.
*Bulletin No. 115. The Relation between the Elastic Strengths of Steel in
Tension, Compression, and Shear, by F. B Seely and W. J. Putnam. 1919.
Twenty cents.
Bulletin No. 116. Bituminous Coal Storage Practice, by H. H. Stock, C. W.
Hippard, and W. D. Langtry. 1920. Seventy-five cents.
*Bulletin No. 117. Emissivity of Heat from Various Surfaces, by V. S. Day.
1920. Twenty cents.
*Bulletin No. 118. Dissolved Gases in Glass, by E. W. Washburn, F. F. Footitt,
and E. N. Bunting. 1920. Twenty cents.
*Bulletin No. 119. Some Conditions Affecting the Usefulness of Iron Oxide for
City Gas Purification, by W. A. Dunkley. 1921.
*Circular No. 9. The Functions of the Engineering Experiment Station of the
University of Illinois, by C. R. Richards. 1921.
*Bulletin No. 120. Investigation of Warm-Air Furnaces and Heating Systems,
by A. C. Willard, A. P. Kratz, and V. S. Day, 1921. Seventy-five cents.
*Bulletin No. 121. The Volute in Architecture and Architectural Decoration, by
Rexford Newcomb. 1921. Forty-five cents.
*Bulletin No. 122. The Thermal Conductivity' and Diffusivity of Concrete, by
A. P. Carman and R. A. Nelson. 1921. Twenty cents.
*Bulletin No. 123. Studies on Cooling of Fresh Concrete in Freezing Weather,
by Tokujiro Yoshida. 1921.
* A limited number of copies of bulletins starred are available for free distribution.
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